Severe acute respiratory syndrome (SARS), a life-threatening disease that has spread to more than 30 countries in 2003, is caused by the SARS coronavirus (SARS-CoV) ([@bib7], [@bib18], [@bib24]). Despite the end to this epidemic, concerns regarding the possibility of resurgence remain. Since no specific and effective anti-SARS-CoV drug is available, identification of potential targets and development of antiviral agents are critical for the effective treatment and control of the disease ([@bib6], [@bib34]).

Among different steps of the life cycle of SARS-CoV, viral entry is an attractive target ([@bib22]). The entry of enveloped RNA viruses involves the fusion between plasma membrane and viral membrane, which contains the surface envelope glycoprotein and transmembrane fusion protein. Based on the structural and functional similarities, fusion proteins can be grouped into two classes, class I and class II ([@bib9], [@bib16], [@bib30]). Class I enveloped viruses, such as influenza virus, human immunodeficiency virus type 1 (HIV-1), Ebola virus, measles virus and murine hepatitis virus (MHV), utilize a similar and well-studied mechanism of fusion, in which the interaction between two highly conserved heptad repeats (HR1 and HR2 at the N and C-termini, respectively) of the fusion protein results in the formation of a 6-helix bundle structure and fusion of viral and plasma membranes ([@bib9], [@bib30]). Presumably through binding to the exposed HR1 in the pre-hairpin intermediate, several HR2 peptides have been reported as effective entry inhibitors, including DP107 and T20 of HIV-1, GP160 of Ebola virus and HR2 of MHV, and developed into drugs, such as enfuvirtide (T-20) ([@bib3], [@bib15], [@bib17], [@bib28], [@bib31]). Recently, combination of HR1-derived peptides of HIV-1 fusion protein, gp41, was reported to show synergistic inhibition and potential therapeutic implications ([@bib10]).

The spike (S) protein of SARS-CoV contains two subunits: S1 and S2, which is a class I fusion protein ([Fig. 1](#fig1){ref-type="fig"}A) ([@bib6], [@bib34]). After binding of S1 subunit to its receptor, angiotensin converting enzyme 2 (ACE2), SARS-CoV enters cells through either the endosomal pathway followed by fusion with endosomal membrane, or direct fusion with cell membrane in the presence of protease ([@bib20], [@bib25], [@bib27]). Several HR1 and HR2 peptides of S2 subunit, such as CP-1, HR2--8, HR2--18, HR2--38 and HR1--1, have been reported to have inhibitory effects with IC~50~ less than 19 μM ([@bib2], [@bib21], [@bib23], [@bib27], [@bib35], [@bib36]) ([Table 1](#tbl1){ref-type="table"} ). However, most of them were larger than 37-mer in length and the plausible synergistic inhibition on the fusion of SARS-CoV has not been investigated.Fig. 1Schematic drawing of S protein of SARS-CoV and the designed peptides. (A) The S2 subunit contains two heptad repeats (HR1, HR2). The amino acid sequences of peptides (P1--P7) in HR2 are shown. ss, signal sequence. TM, transmembrane domain. CY, cytoplasmic tail. The numbers of amino acid residues are indicated. (B) The amino acid sequences of the HR1 peptide (N46) and its derivative (N46eg), designed based on residues at the *e* and *g* positions of the interacting HR2 peptide (C35), are shown ([@bib33]). The helical wheel representation of three HR1 and three HR2 helices in the 6-helix bundle is shown.Table 1Summary of inhibitory peptides derived from HR1 and HR2 of the S protein of SARS-CoV.

To explore the possibility of minimizing the length of HR2 and HR1 inhibitory peptides, we first examine one of the smallest core structures of S protein resolved by X-ray crystallography, which consists of three HR1 (N46) and three HR2 (C35) helices ([@bib33]). In the HR2 region, we design 6 shortened peptides based on CP-1, the first reported HR2 inhibitory peptide of 37-mer, which overlaps largely with C35 ([@bib21]). The sequences of CP-1, designated as P1, and its truncated versions at the N-terminus (P3, P2), C-terminus (P4, P6, P7) and both ends (P5) are shown in [Fig. 1](#fig1){ref-type="fig"}A.

Our cell fusion inhibition assay is modified from a previously described β-galactosidase reporter gene-based SARS-CoV cell fusion assay ([@bib32], [@bib12]). VRC(S)8304, a plasmid containing the S gene of SARS-CoV with humanized codon usage, is designated as S(h) in this study ([@bib11]). To construct pCDNA3HA-ACE2, total RNA extracted from VeroE6 cells by the Qiagen RNeasy mini kit (Qiagen, Valencia, CA) was subjected to RT using random primers, followed by PCR using the primer pair (NotI-ACE2, 5′-AAGGAAAAAAGCGGCCGCCGATGTCAAGCTCTTCC-3′ and XhoI-ACE2, 5′-CCCGCTC GAGCTAAAAGGAGGTCTGAAC-3′), digestion of the product with NotI and XhoI, and cloning into respective sites of pCDNA3-HA (Invitrogen, Carlsbad, CA). The construct was confirmed by sequencing both junctions of the insert with T7 and SP6 primers. HeLa cells (1 × 10^6^) transfected with 2 μg of S(h) (cells \#1) by use of lipofectamine 2000 (Invitrogen, Carsblad, CA) were infected with recombinant vaccinia virus expressing β-galactosidase (vCB21R) at a multiplicity of infection (MOI) of 1 at 6 h post-transfection. HeLa cells (1 × 10^6^) transfected with 2 μg of pCDNA3HA-ACE2 (cells \#2) were infected with recombinant vaccinia virus expressing T7 polymerase (vTF7.3) at a MOI of 1. After adsorption at 37 °C for 2 h and replacement with fresh medium, both cells were incubated at 28 °C overnight, washed with 1× PBS once, trypsinized, washed with 1× PBS twice, and resuspended in DMEM containing 10% FCS. Both cells \#1 and \#2 (1 × 10^5^ cells, each well) were added into 96-well in duplicates, pre-incubated with or without different concentrations of peptides (50 μl per well) at 37 °C for 20 min, and co-cultured at 37 °C for 3 h. Cell lysates were measured for β-galactosidase activity using the Galcto-Start kit (Applied Biosystems, Bedford, MA). The percentage of fusion is the ratio of β-galactosidase activity in the presence of peptide to that in the absence of peptide.

As shown in [Fig. 2](#fig2){ref-type="fig"}A and B, co-culture of the HeLa cells expressing S protein and β-galactosidase (cells \#1) and those expressing ACE2 and T7 polymerase (cells \#2) results in syncytia formation and a rise in β-galactosidase activity (63,987 ± 1198 RLu/s). In contrast, different controls of cells \#1 and cells \#2 with or without transfection and/or infection had very low signals, demonstrating the specificity of the cell fusion assay. Initial testing of the 7 peptides at high concentrations (25 and 9 μM) reveals that P1 and 2 truncated peptides (P4, P6) have inhibitory effects ([Fig. 2](#fig2){ref-type="fig"}C). The inhibitory activities of P1, P4 and P6 were further tested at lower concentrations, and their similar dose--response curves are shown in [Fig. 2](#fig2){ref-type="fig"}D. Compared with the IC~50~ of P1, 0.62 ± 0.20 μM, the IC~50~ of P4 is 0.80 ± 0.21 μM and that of P6 is 1.04 ± 0.22 μM, suggesting that truncation of 14 residues from the C-terminus of P1 still has good inhibitory activity ([Fig. 1](#fig1){ref-type="fig"}A). In contrast, P7 and P5, which have further truncation of P6 at the C-terminus and of P4 at the N-terminus, respectively, have mild or no inhibitory effect at 25 and 9 μM ([Fig. 2](#fig2){ref-type="fig"}C). There findings suggest that P6, a 23-mer peptide, is the minimal inhibitory peptide in this region.Fig. 2Inhibition of the S protein-mediated cell fusion by HR2 and HR1 peptides. (A) The cell fusion assay and (B) syncytia formation. β-Galactosidase activities were measured for co-cultured HeLa cells \#1, cells \#2 and various controls with (+) or without (−) transfection and/or infection. Syncytia formation was observed under light microscope. (C) Inhibitory effects of HR2 peptides (P1--P7) at high concentrations (25 and 9 μM). (D, E) Inhibitory effects of HR2 peptides (P1, P4 and P6), HR1 peptides (N46, N46eg) and their combination (N46 plus N46eg, molar ratio 1:1) at various concentrations. Data are means ± standard errors of duplicate wells. One representative experiment of more than three is shown.

In the HR1 region, a dose--response curve is also found for N46 with an IC~50~ of 3.97 ± 1.40 μM. Since the IC~50~ of N46 is 6 fold higher than that of P1, N46 is not further shortened ([Fig. 2](#fig2){ref-type="fig"}E). Instead, we designed another peptide, N46eg, based on the predicted interaction between residues at the *e* and *g* positions of HR1 with those at the *a* and *d* positions of HR2, respectively, in the 6-helix bundle structure ([Fig. 1](#fig1){ref-type="fig"}B). The residues at the *e* and *g* positions of N46 are replaced by those at the *e* and *g* positions of C35, respectively, to obtain peptide N46eg. Similar to that of N46, the IC~50~ of N46eg is 5.07 ± 0.17 μM ([Fig. 2](#fig2){ref-type="fig"}E). We next examined whether combination of N46 and N46eg has a synergistic effect. Compared with the dose--response curve of N46 or N46eg alone, a shift of the curve to left is found for combination of N46 and N46eg ([Fig. 2](#fig2){ref-type="fig"}E). The IC~50~ of N46 plus N46eg at the molar ratio of 1:1 is 1.39 ± 0.05 μM, which is lower than that of either N46 or N46eg alone. The IC~50~ is also lower than that of 46 plus N46eg at a molar ratio of 1:5 or 1:10 (data not shown). The dose reduction indices of N46 and N46eg (molar ratio 1:1) are 2.91 and 3.55, respectively ([@bib4]). The combination index is 0.75 ± 0.15, suggesting moderate synergism ([@bib5]).

In this study, we report that P6 as well as combination of N46 and N46eg can efficiently block the fusion of SARS-CoV. The inhibitory effects of these peptides are unlikely due to their cytotoxicity, since examining these peptides by a previously described MTT assay reveals no discernable cytotoxicity on HeLa or VeroE6 cells at the highest concentrations (25 μM) tested (data not shown) ([@bib19]). While different HR1 and HR2 peptides of several class I envelope viruses have been reported as entry inhibitors ([@bib3], [@bib15], [@bib17], [@bib28], [@bib31]), the 23-mer peptide of P6, to our knowledge, is the smallest inhibitory peptide for class I envelope viruses. To examine the biophysical properties of P6 and its interaction with HR1 peptide, circular-dichroism (CD) spectra were analyzed on a spectropolarimeter (model J-720, Jasco Inc., Japan) in the range from 200 to 260 nm at 25 °C with a bandwidth of 1.0 nm, resolution of 0.1 nm, response time of 4.0 s and scanning speed of 100 nm/min. Each spectrum was an average of 4 scans of peptide at 20 μM under identical conditions and was analyzed by the program J7STDANL (Jasco Inc., Japan). After mixing P6 with N46 in equimolar concentrations, P6/N46 complex shows a CD spectrum of double minima with a clear negative peak at 208 nm and small negative peak at 220 nm ([Fig. 3](#fig3){ref-type="fig"}B), which is similar to that of the P1/N46 complex ([Fig. 3](#fig3){ref-type="fig"}A), suggesting that both P6 and P1 interact with N46 and form an α-helical conformation. In contrast, mixing N46eg with P1 or P6 in equimolar concentrations reveals CD spectra as predicted by two peptides together without interaction ([Fig. 3](#fig3){ref-type="fig"}C).Fig. 3Secondary structure of HR1, HR2 and HR1/HR2 complex by CD analysis. CD spectra of (A) P1, N46 and P1/N46 complex (B) P6, N46 and P6/N46 complex and (C) P1, N46eg and P1/N46eg complex in equimolar concentrations were analyzed at 25 °C by a spectropolarimeter.

Our simple and convenient cell fusion inhibition assay can be used to screen and identify entry inhibitors of SARS-CoV. The requirement of trypsin treatment in this assay suggests that it mimics the entry from cell surface by direct fusion between viral and cell membranes ([@bib25], [@bib27]). Using a similar assay, Huentelman et al. have recently reported a novel ACE2 inhibitor, N-(2-aminoethyl)-1 aziridine-ethanamine, as fusion inhibitor for SARS-CoV ([@bib12]). To examine the inhibitory effect of the peptides identified by the cell fusion inhibition assay on SARS-CoV, we carried out a previously described SARS-CoV infectivity assay for three HR1 peptides at the BSL-3 facility ([@bib14], [@bib13]). Briefly, VeroE6 cells (1 × 10^4^ cells, each well) prepared in 96-well were infected with 75 TCID~50~ of SARS-CoV TW01 strain, which were pre-incubated with or without different concentration of peptides in quadricates at 37 °C for 1 h. After incubation at 37 °C for 72 h, cytopathic effects were observed under light microscope, and the IC~50~ was determined ([@bib29]). As shown in [Table 1](#tbl1){ref-type="table"}, the IC~50~ of P1, P4 and P6 are 3.04 ± 0.06 μM, 3.17 ± 0.24 μM and 2.28 ± 0.81 μM, respectively, verifying their inhibitory effect on SARS-CoV.

X-ray crystallographic studies of fusion core structures of S protein have shown that the N-terminus (residue 1150--1160) and C-terminus (residue 1178 and beyond) of HR2 formed two extended conformations and that a 5-turn α-helix at the center (residues 1160--1177) packed against a relatively deep groove (residues 909--928) of HR1 trimer, which was highly conserved and predicted as a potential target for fusion inhibitor ([@bib8], [@bib26], [@bib33]). Consistent with this, strong inhibitory activity retains in HR2 peptides with C-terminal truncation up to residue 1175 (P4, P6) but not in those beyond residue 1175 (P7) ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}). Moreover, the inhibitory effect is completely lost in the HR2 peptides with N-terminal truncation (P2, P3) but not in those with C-terminal truncation (P4, P6), suggesting that the extended region of HR2 at the N-terminus is more important than that at the C-terminus.

[Table 1](#tbl1){ref-type="table"} summarizes different HR1 and HR2 inhibitory peptides for SARS-CoV in this and previous studies ([@bib2], [@bib21], [@bib23], [@bib27], [@bib35], [@bib36]). For HR2 peptides, the IC~50~ ranged from 0.5 nM to 43 μM depending not only on the location and length but also on the type of the peptides (synthetic or bacteria-expressed) and assay used. Using the same assay, the inhibitory activity of HR2-18 was totally lost by adding 3 residues at its N-terminus (HR2-17) ([@bib35]). The IC~50~ of the synthetic HR2-38 (0.5--5 nM) was lower that that of the bacteria-expressed HR2-38 (66.2 nM) ([@bib36]). Using different assays, the IC~50~ of HR2-18 determined by the infectivity assay (5.52 μM) was higher than that by the pseudotype reporter virus assay (1.19 μM) ([@bib35]). Moreover, the IC~50~ of P1 (0.62 μM and 3.04 μM) in our study was slightly higher than the IC~50~ of HR2-38 (0.5 nM to 1.02 μM), a peptide of similar length and location, but was lower than that of CP-1 (19 μM) in another study ([@bib21], [@bib23], [@bib36]). Further studies using the same assay for different peptides are warranted to reconcile these discrepancies. Nontheless, all the inhibitory HR2 peptides reported thus far cover a common region defined by residues 1161 and 1175, corresponding to the central helix of HR2 ([@bib26], [@bib33]) ([Table 1](#tbl1){ref-type="table"}). Similarly, all the inhibitory HR1 peptides cover a region (residues 902--926) corresponding to the deep groove of HR1. These findings support the prediction that the deep groove in HR1 and the interacting central helix of HR2 are important targets for fusion inhibitors ([@bib8], [@bib26], [@bib33]). In this regard, the minimal HR2 inhibitory peptide, P6, which covers the central helix and part of the N-terminal extended region, could be a potential lead peptide for future drug development.

Comparing the inhibitory effects between HR1 and HR2 peptides of HIV-1, MHV, Ebola virus and SARS-CoV in most studies, HR1 peptides were weaker than HR2 peptides ([@bib31], [@bib28], [@bib3], [@bib2], [@bib21], [@bib36]). Using a strategy employed in HIV-1, we design a novel HR1-derived peptide, N46eg, which has a mean IC~50~ of 5.07 μM. Interestingly, combination of N46 and N46eg shows synergistic inhibition with a mean IC~50~ of 1.39 μM. In the case of HIV-1, the mechanism of synergistic inhibition by the HR1 homologue, N~CCG~-gp41, and the mutated HR1 peptide, N36^Mut(e,g)^, was attributed to different targets of the two inhibitors; the former interacts with HR2 and the latter interacts with HR1 in the inner core through its intact residues at the *a* and *d* positions but not with HR2 because of its mutated residues at the *e* and *g* positions ([@bib1], [@bib10]). It is conceivable that similar scenario may occur in SARS-CoV and account for the synergistic inhibition by N46 and N46eg, though the exact mechanism remains to be investigated. Nonetheless, our findings of synergistic inhibition between an HR1 peptide and a mutated HR1 peptide, the second such observation, suggest that this can be a common strategy of achieving good inhibition for other class I envelope viruses, especially in the situation of fighting against an emerging and life-threatening infectious disease.
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